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Abstract. Concrete pumping operations determine construction speed, ﬁnish-
ing quality, durability and even structural integrity. When pumping operations
cannot be continued, most problems occur due to complex time-dependent
transformations. This causes signiﬁcant industrial costs (e.g. material and delay).
Since time-dependent aspects are currently not fully understood and cannot be
predicted, a way to quantify time-dependent aspects is needed. Therefore, we
make an attempt by numerical simulation by comparing thixotropic cases with
different pumping arresting times. After an introduction to fresh concrete rhe-
ology and numerical modelling, ten representative thixotropy cases are analysed.
Despite some unresolved numerical instabilities, the numerical framework
allows to estimate pumping pressure peaks after resting time. The results
evaluate a thixotropy model, which is generally applicable for less thixotropic
SCC’s. It is clear that flow re-initiation after rest in concrete pumping is poorly
understood. Numerical simulation could be one approach for further analysis
and is potentially important for practice. Future work such as simulation of
concrete mixers, pressure increase after pumping arrest, formwork pressure
decay and leakage are therefore recommended.
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1 Introduction
Transportation, pumping and other execution technologies in concrete construction are
key elements to ensure structural integrity and durability. During pumping, time-
dependent effects of concrete (e.g. thixotropy) can cause costs due to blocking of
pipelines [1]. However, time-dependent aspects are poorly understood and cannot
reliably be predicted [2–5].
To be able to interpret presented results, one must understand the nature of fresh
concrete in terms of rheology or flow behaviour. Rheology studies shear stresses (s) as
a function of applied shear rates ( _c) in fluid materials. This function is a so-called flow
curve and is an attempt to describe the true nature of flow.
Concrete flow is generally quantiﬁed in a steady-state situation (i.e. temporal
equilibrium). It is generally accepted that fresh concrete flow behaves according to a
Bingham model (1), modiﬁed Bingham model or a Herschel-Bulkley model [6, 7],
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even though fresh concrete can show non-linear behaviour due to shear thickening (i.e.
increasing local viscosity) [2]. Current rheological devices used for cementitious
materials mostly attempt to measure yield stress (s0) and plastic viscosity (l) for a
Bingham model (1).
s ¼ s0þ l _c ð1Þ
Most problems in concrete pumping do not occur in such an ideal temporal equi-
librium state, but are caused due to time-dependent effects [1]. Thixotropy is a reversible
time effect deﬁned by the formation of an internal structure due to flocculation at rest,
which can deflocculate under shear action [6, 8–11]. This leads to an increase in flow
resistance after rest and a decrease in viscosity under shear action. Although, it is often
stated that time-dependent effects can be omitted (time period < 30 min–60 min), this is
not the case for signiﬁcant thixotropy (and/or hydration). In theory, there should
not be any delay between pumping batches, but in practice it can be signiﬁcant
(15 min–45 min). These delays deﬁne as pumping arresting times. When fresh concrete
is at rest in pipelines and formworks, time effects can no longer be overlooked from
prediction point of view.
Despite numerous rheological investigations, time-dependency is not often con-
sidered. Time-dependent rheological models model an internal structure by an evolu-
tion equation, whether it is an explicit deﬁnition or an implicit one [9, 12–15].
A way to quantify time-dependent aspects is needed. Instead of inconvenient
experiments, we make an attempt by numerical simulation. We analyse time-dependent
features and compare numerical cases with different pumping arresting times. After an
introduction to numerical modelling principles, different representative cases are
analysed for time-dependency. An evaluation of the modelling capability concludes
this work.
2 Numerical Methodology
Investigation of pumping arresting times involves a model of macroscopic scale.
Therefore, Computational FluidDynamics (CFD)modelling is an adequatemethod, since
fluid is modelled as a continuum by macroscopic behaviour properties. It transforms so-
called constitutive equations derived fromphysics into discrete algebraic equationswhich
can be solved by numerical discretisation (e.g. ﬁnite volume method) [3, 16–18]. The
obtained solution therefore describes intrinsic physics, but is in fact an approximated
solution. Accuracy depends on discretisation (mesh), solving algorithm (solver), solver
settings and imposed assumptions. It does not mean that numerical results are useless or
irrelevant, but it actually means that they provide main physical trends.
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In CFD, Partial Differential Equations (PDE’s (2) & (3)) are typically obtained from
physics. Discrete control volumes are considered to which conservation laws apply [19].
r~v ¼ 0 ð2Þ
@t~vþ ~vrð Þ~v ¼~grpþ l
0D~v ð3Þ
Open source software OpenFOAM® is used in this framework allowing to solve for
scalar pressure ﬁeld p (kinematic pressure relative to density q) and velocity vector
ﬁeld~v. An incompressible solver ‘nonNewtonianIcoFoam’ is used.
This solver uses a general Newtonian approach (i.e. linearization to an apparent
Newtonian viscosity l0). We implemented thixotropy via linking the thixotropic
internal structure k to viscosity l0 [19]. We used a simpliﬁed Roussel model (4) to
describe thixotropic behaviour [9]. This means the yield stress s0 increases linearly at
rest by characteristic flocculation time T and has a deflocculation rate a (for time
periods ca. <60 min [9, 20, 21]).
s ¼ s0 1þ kð Þþ l _c
@k
@t ¼
1
T
 a _ck

ð4Þ
Boundary Conditions (BC) determine how a simulation domain is connected to the
‘outer world’ and are important for the simulation. The BC’s for pipe flow in this work:
• Pipe inlet: constant uniform velocity (U0), zero gradient pressure, constant uniform
internal structure parameter (k0).
• Pipe wall: zero wall velocity, zero gradient pressure, zero gradient internal structure
parameter.
• Pipe outlet: zero gradient velocity, constant uniform pressure, zero gradient internal
structure parameter.
Spatial discretisation (81000 volumes) is based on a mesh design analysis and
temporal discretisation is (manually) controlled by the CFL (Courant-Friedrichs-Lewy)
number.
3 Pumping Arrest Investigation
3.1 Investigation Methodology
Quantiﬁcation in rheological devices may be highly complicated and values may differ
signiﬁcantly, leading to signiﬁcant discrepancies in results from experiments and
numerical simulations. This work attempts to evaluate model values representative for
SCC in general.
In steady-state, the simpliﬁed Roussel model coincides with the Bingham model. All
other parameters (Table 1) are chosen as a practical SCC reference via [9]. An initial
internal structure k0 of 0.33 is used for pumping (after concrete mixing ca. 10 s
1 [9]).
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After a ﬁrst phase of pipe flow (0–60 s), pumping is arrested and a waiting period is
induced by addition of an equivalent thixotropic internal structure (Dka ¼ ta=T). Ten
different waiting periods are considered for simulation (Table 2).
After pumping arrest, flow is re-initiated in the simulation and a pressure loss peak
is expected in this second simulation phase (60 s–70 s). The longer the arresting time
ta, the higher the expected pressure loss peak, which is estimated by an analytical
quantiﬁcation based on the Buckingham-Reiner equation (5) for a Bingham model [5].
This expression is an approximation, since higher order terms of Dp=L have been
omitted and a thixotropic increase of yield stress has been considered by k, violating
the steady-state assumption. To make it generally applicable for pipe flow, pressure
losses (Dp) are transformed in a relative (1=L) kinematic (1=q) form [m/s2].
Dp
Lq
¼
1
q
8
3
s0 1þ kð Þ
R
þ
8lQ
pR4
 
ð5Þ
Pipe pressure losses obtained from the simulations are computed by taking the
average pressure difference of the pipe cross-section in fully-developed state
(longitudinal).
3.2 Results
During the ﬁrst simulation phase (0–60 s), pipe flow starts from its initial (thixotropic)
state (k = 0.33). Concrete (SCC) pipe flow is laminar (i.e. Reynolds number (12.2)
smaller than 2300 [19]). This implies a linear pressure loss proﬁle and a quadratic velocity
proﬁle, disregarding a plug in steady-state (Fig. 1) [22]. Despite time-dependent rheology
aspects, steady-state (i.e. temporal equilibrium) is still obtained. As new material is
Table 1. Overall case parameters are chosen on basis of a practical SCC reference [9].
Q
[l/s]
D ¼ 2R
[mm]
L
[m]
U0
[m/s]
q
[kg/m3]
s0
[Pa]
l
[Pa.s]
T
[s]
a
[-]
Athix ¼
s0
T
[Pa/s]
k0
[-]
10 125 4 0.814 2400 30 20 60 0.005 0.5 0.33
Table 2. Pumping arrest induces a thixotropic structural build-up which serves as an
interpretation reference for other thixotropic fluids with equivalent arresting times.
Case Pipe
1 2 3 4 5 6 7 8 9 10
Arresting time ta [min] 0 1 2 3 4 5 10 15 30 45
Thixotropic structure Dka [-] 0 1 2 3 4 5 10 15 30 45
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flowing in, pre-existing (thixotropically aged)material isflowing out.Material attached to
pipe walls reaches a temporal equilibrium state under high shear, while material central in
the pipe (bulk) is subjected to minor shear (or none for a plug) until it flows out. Thus a
steady-state can indeed be obtained, because only a limited time is able to act on the bulk
material (cfr. Eulerian character of simulation). Since the shear rate is the highest near the
pipewall, the internal thixotropic structure is demolished and a lower viscosity is obtained
than in the bulk where no signiﬁcant shear is present. This is reminiscent to lubrication
layer effects, which omitted in this work [23, 24].
In the second simulation phase after arrest (60 s–70 s), the pumping arresting time
caused thixotropic build-up of the internal structure k. Due to this, the overall rheo-
logical properties of the concrete have changed and more flow resistance is expected,
thus higher pressure losses are expected to re-initiate pumping. During pumping re-
initiation, two distinct flow regions can be observed (Fig. 2), i.e. one flow front where
new material is inflowing and another where aged material is outflowing.
Even though new material (i.e. freshly mixed k ¼ 0:33) is flowing in, thixotropi-
cally aged material sticks to pipe walls. Therefore, aged material has to undergo shear-
induced breakdown before the pipe flow reaches its steady-state equilibrium. Hence, a
gradual pressure loss decay is observed after 60 s (Fig. 3), even after the pipe has been
reﬁlled (62.5 s) by new concrete. An apparent bifurcation point occurs at the instant
when the aged concrete plug flows out (ca. 62.5 s), since the pressure loss in Fig. 3 is
calculated from the pipe end.
Fig. 1. Laminar pipe flow results in (left) a linear pressure proﬁle and (right) a quadratic velocity
proﬁle (in function of pipe radius (y) and pipe length (x)).
Fig. 2. (left) The thixotropic internal structure k proﬁle (60.5 s) and (right) the velocity proﬁle
(60.5 s) clearly distinguish two different flow regions: new vs. aged concrete.
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The numerical pressure losses (Table 3, obtained at 60.1 s) are in range of the
estimations by the modiﬁed Buckingham-Reiner equation. This equation does not
return reliable values, because implied steady-state conditions are violated. Therefore,
it rather returns a reference for the generally expected range of pressure losses. The
nature of the simulation results is also questionable, because unresolved numerical
stability problems are observed for the longest waiting time (45 min). The pressure
peaks due to thixotropic materials under influence of pumping waiting times should
thus be further investigated to gain meaning for practice. Another important aspect of
thixotropic simulation could be simulation of formwork pressure decay and leakage.
Fig. 3. Thixotropic aged material sticks to the pipe walls, causing a gradual decay in relative
kinematic pressure loss, even after the pipe has been reﬁlled (62.5 s) by new concrete.
Table 3. A relative kinematic pressure loss comparison (at 60.1 s) shows that the simulation is
capable to simulate pressure re-initiation peaks for a thixotropic structure increase Dka up to 30.
Pressure loss Pipe
1 2 3 4 5 6 7 8 9 10
Thixotropic structure Dka [-] 0 1 2 3 4 5 10 15 30 45
Buckingham-Reiner
Dp
Lq
[m/s2] 14.4 15.0 15.5 16.0 16.6 17.1 19.8 22.4 30.4 38.4
Numerical simulation
Dp
Lq
[m/s2] 14.6 14.7 15.2 15.7 16.2 16.7 17.3 19.9 22.5 /
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Once a stable simulation can be sustained, pressure losses and general flow
behaviour can be revealed. Flow behaviour such as structural build-up as well as
breakdown processes may be of great importance for practice. For instance, in the
simulation of concrete (truck) mixers, rheometers (breakdown) and pumping or
formwork pressure decay (build-up).
4 Summary and Conclusion
Fresh concrete can be modelled by a Bingham model in case of temporal equilibrium,
or including thixotropy by a Roussel model. Independent of the considered model, one
should be aware that rheological models are always assumed material behaviour and
can only approximate the true rheological nature of materials. Future work could
include a comparison between different rheological models.
Numerical software OpenFOAM® used in this work, allows custom implementa-
tions of thixotropic behaviour. As any software, it is based on constitutive equations to
solve a physical problem. This means that numerical results are only an approximate
solution compared to reality, but they do return general behavioural trends. A future
validation is therefore indispensable.
Numerical simulation of pumping pressures after a thixotropic arresting time is
possible. However, the modelling capability is limited due to some instabilities. The
origin of this numerical artefact is not clear and requires more investigation.
Nevertheless, the obtained results evaluate a general thixotropy model, which is
also applicable for less thixotropic SCC’s, via transforming pumping arresting times to
an equivalent increase in thixotropic structure ka. It is clear that flow re-initiation in
concrete pumping is poorly understood and needs further elaboration with regard to
practice. Numerical CFD simulation could be one approach for further analysis and
simulation of concrete mixers (structural breakdown), pressure increase after pumping
arrest or formwork pressure decay and leakage (structural build-up) are important for
the future.
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